Background. Despite favorable meta-analyses, no study involving third-generation cephalosporins for the treatment of childhood bacterial meningitis has documented a benefit of adjuvant dexamethasone therapy if the outcomes are examined individually.
Except in cases of drug-resistant infection, the use of antimicrobials that are newer than third-generation cephalosporins has not improved outcomes [6] . As has been documented by biochemical parameters, dexamethasone dampens the inflammatory response [7] [8] [9] [10] , but no study of optimal antimicrobial therapy for childhood meningitis has shown a significant reduction in deafness, neurological sequelae, or mortality when these outcomes were examined separately. In Malawi, the first trial that was large enough to allow an examination of the individual outcomes failed to find any benefit [11] . Unfortunately, cephalosporins could not be used routinely in that pivotal study. Revised Cochrane analysis [12] supports the use of corticosteroids in high-income countries; however, as in metaanalysis in general, very dissimilar populations were directly compared, and the presenting status of the children was not taken into account.
Glycerol (glycerine, 1, 2, 3-propanetriol), which is a naturally occurring trivalent alcohol, an essential compound of the human cell membrane, a hyperosmolar agent, and an osmotic diuretic, was long used in neurosurgery, neurology, and ophthalmology to reduce raised tissue pressure [13] [14] [15] [16] [17] . Glycerol was given experimentally to treat bacterial meningitis in a few children in the United States in the 1970s [18] , but the first systematic trial was performed in Finland during the period 1987-1991 [19] . Glycerol appeared to reduce profound hearing loss and persistent neurological abnormalities as efficaciously as dexamethasone, but the series was too small for definitive conclusions. To validate that finding, we launched a much larger study in Latin America, in which the potentials of glycerol and dexamethasone were examined in terms of different outcomes, and the results were compared with those of a placebo group.
PATIENTS AND METHODS

Setting and patients.
This prospective multicenter, randomized, double-blind clinical trial examined the potential of intravenous dexamethasone, oral glycerol, or their combination as adjuvant medications to improve different outcomes of childhood bacterial meningitis. The series comprised children with bacterial meningitis who were aged 2 months through 16 years at 10 institutions in Argentina, Brazil, Dominican Republic, Ecuador, Paraguay, and Venezuela, during the period 1996-2003 (Santo Domingo and Manaus joined the trial in 2001).
Meningitis was defined by (1) CSF culture positive for a bacterial agent known to cause meningitis, (2) characteristic CSF findings and positive blood culture results, (3) characteristic CSF findings and a CSF sample with a positive latex agglutination test result, and (4) symptoms and signs that were compatible with bacterial meningitis and at least 3 of the following criteria: CSF pleocytosis (WBC count, у1000 cells/ mm 3 ), decreased CSF glucose level (!40 mg/dL), increased CSF protein concentration (у40 mg/dL), increased serum C-reactive protein level (у40 mg/L) [20, 21] , or occasionally, when data regarding C-reactive protein level was not available, blood leukocyte count 115,000 cells/mm 3 . Bacteriological analysis was performed at each institute's laboratory and was standardized by training where necessary.
The exclusion criteria were a history of recent head injury, previous neurosurgical precedure (e.g., intracranial shunt placement), previous neurological disease (e.g., cerebral palsy and Down syndrome), immunosuppression, and known hearing impairment. Pretreatment antimicrobial therapy was registered in detail but did not prevent study enrollment if oral therapy or р1 parenteral dose had been administered.
Study drugs. All children received intravenous ceftriaxone at a dosage of 80-100 mg per kg of body weight once daily for 7-10 days. Ceftriaxone was bought locally, although for the centers in Guayaquil, Ecuador, and Asunció n, Paraguay, ceftriaxone was purchased from Chile. Antipyretics were given as needed, and convulsions were treated according to local practice. No fluid restriction was used [22, 23] , but in patients with hypovolemia, deficits were restored before changing to maintenance fluids with isotonic crystalloids.
The patients were randomized to 1 of the following adjuvant medication groups: intravenous dexamethasone and oral placebo, intravenous dexamethasone and oral glycerol, oral glycerol and intravenous placebo, or intravenous placebo and oral placebo. The dosing of dexamethasone was 0.15 mg/kg administered every 6 h for 48 h [24] , the first dose being administered 15 min prior to administration of ceftriaxone (if possible).
Oral 85% glycerol (1 mL of which contained 1 g of glycerol) was given for 48 h at a dosage of 1.5 g (1.5 mL) per kg every 6 h; the maximum volume was 25 mL per dose. The first dose was given 15 min prior to ceftriaxone administration. At most study centers, a nasogastric tube was inserted routinely. If the child vomited within 30 min, the dose was repeated immediately.
Randomization and blinding. Stratified block randomization took place in blocks of 20, except at 2 hospitals in Buenos Aires, Argentina, in which the placebo-placebo group was not allowed; at these hospitals, the block size was 24. All treatment kits were packaged according to the randomization lists in Santiago, Chile. Saline and carboxymethylcellulose were the placebo preparations for dexamethasone and glycerol, respectively. The agents were provided in identical ampoules or bottles and were labeled only with a study code. Because all patients had an intravenous line and received a test agent orally, the blinding was complete. Each treatment kit, marked only with the study number, contained the medication or placebo and a sealed envelope. The envelope disclosed the medication and was to be opened in an emergency (no envelopes were opened during the course of the study). Persons treating the patients, the study monitor (I.R.), and the scientific advisor (H.P.) were not aware of the specific treatments until the code was broken. This was done after the study was completed. Sample size. The sample size was calculated assuming that a given adjuvant medication would decrease the rate of sequelae from 20% to 5%. Accepting a 5% error in a 2-tailed test and a power of 80%, at least 88 patients in each arm were required. To be able to adjust for possible confounding factors, the sample size was doubled. However, enrollment was to be stopped on 31 December 2003, whatever the number of patients.
Follow-up. All findings at presentation were recorded on specially designed forms by the physician in charge. Records included exact information on the nature and route of all antimicrobials and of the test agents, the age-adjusted Glasgow Coma Scale [25] , and the Denver Developmental Score [26] . A child was assessed for neurological, developmental, and hearing sequelae on hospital discharge. If any deficits were found, he or she was scheduled for a follow-up visit 1-2 months later.
After 200 patients had been enrolled and again after 400 patients had been enrolled, an ethicist and a statistician who were not involved in the study reviewed the data to ensure that there was no statistical difference between groups with respect to case-fatality rate. The study protocol was approved by all local ethical committees. Because not all mothers were literate, an oral consent was accepted, after full information had been given. The study was designed, conducted, and analyzed independently of any funding source.
End points and statistical analysis. The 3 primary end points were death, severe neurological sequelae, and profound hearing loss (inability to detect sounds with the better ear at 80 dB, determined with brain stem evoked response audiometry or traditional audiometry). Severe neurological sequelae were defined as blindness, quadriparesis or quadriplegia, hydrocephalus requiring a shunt, or severe psychomotor retardation (in which the patient does not sit or walk, does not speak or establish contact, or requires institutionalization). Because severe neurological sequelae and death may form a continuum [4, 5] , these 2 outcomes formed a composite end point. Because it was unlikely that all patients would report for follow-up, assessments were performed primarily at hospital discharge.
Dexamethasone has been reported to be especially beneficial in treating Hib meningitis [8] [9] [10] . Therefore, we planned a subgroup analysis for Hib versus non-Hib meningitis, taking into account the receipt or nonreceipt of pretreatment antimicrobial drugs. The 2 centers in Buenos Aires that did not include the placebo-only arm were included in the analysis, provided that their results did not change the results of the 4-arm study.
The x 2 test was used to test the heterogeneity of proportions between groups. To compare the main outcome measures, a multivariable binary logistic model with and without covariates was used. The treatment effects were taken into account by applying a reference coding system using the (0.1)-indicator variables, with the placebo recipients serving as the reference group. All analyses were performed on an intention-to-treat basis and were checked by per-protocol analysis.
Receipt of potential pretreatment antimicrobial drugs and the timing of their administration with respect to the initiation of adjuvant therapy were included as covariates in the post hoc analysis for Hib meningitis versus other meningitides. We also checked whether the findings remained the same when the etiologically unconfirmed cases were excluded from analysis. Finally, the entire series was divided into dexamethasone or glycerol recipients and nonrecipients; this rough division was intended to identify differences that were so small that they would remain undetected in direct comparisons with the placebo-placebo group.
The results are expressed as ORs, 95% CIs, and P values. An OR !1.0 indicated a beneficial effect, and it was also considered to be statistically significant if the upper value of the 95% CI was !1.0. P values of !.05 were considered to be statistically significant.
RESULTS
General.
As shown by the patient characteristics at hospital admission (table 1) , there was no significant difference between the 4 groups, and there was no major differences in enrollment of patients or outcomes during the study period. Of the 763 patients who were assessed for eligibility, 109 did not fulfill the criteria of bacterial meningitis. Thus, 654 children (figure 1) had data analyzed; of these, 166 received dexamethasone and placebo, 159 received dexamethasone and glycerol, 166 received glycerol and placebo, and 163 received placebo-placebo adjuvant treatment. Per-protocol analysis, which did not change the results, used data from 640 children; the reasons for excluding data from 14 children from this analysis are given in figure 1 . Eighty-six patients (13%) died. Of the remaining 568 children, 556 (98%) underwent a full neurological evaluation, whereas 534 (94%) were tested for deafness (bilateral hearing threshold, у80 dB). In all, 37% of patients had received prior antimicrobial treatment. Because inclusion of the 86 children from Buenos Aires did not change the results, our data represent all 654 patients. Their characteristics during the hospital stay are shown in table 2.
The causative agent was identified for 484 patients (74%). Hib was the most common pathogen (found in 221 patients), followed by S. pneumoniae (132 patients) and N. meningitidis (110 patients); 21 patients had cases that were caused by other bacteria (mostly Escherichia coli or Salmonella enteritidis). For 534) in the 4 groups. Poor outcomes were most common in the placebo-placebo group, but statistical significance was reached only with respect to severe neurological sequelae and the category of severe neurological damage or death. Profound hearing loss occurred with similar frequency in all 4 groups (detailed audiological analysis will be presented separately). For any end point, no significant interaction was observed between glycerol and dexamethasone.
The results with respect to outcome in the 3 adjuvant groups tested against the placebo group are shown in table 4; this table also gives data for children with information regarding the timing of ceftriaxone therapy compared with that of adjuvant therapy and data regarding etiologically confirmed cases. The incidence of severe neurological sequelae was significantly reduced among patients who received glycerol alone (OR, 0.31 [95% CI, 0.13-0.76];
) and patients who received the P p .01 dexamethasone-glycerol combination (OR, 0.39 [95% CI, 0.17-0.93];
), whereas among those who received dexa-P p .033 methasone alone, no more than a tendency towards a reduction in severe neurological sequelae was observed. On the other hand, a tendency towards lowered mortality rate was observed in the group that received only glycerol. Receipt or nonreceipt of pretreatment antimicrobials and the timing of their administration with respect to the initiation of an adjuvant medication left the results essentially unchanged. For the composite end point group (those who experienced severe neurological sequelae or death), the results were similar. The OR for the glycerol-only group was 0.44 (95% CI, 0.25-0.76; ), and for the dexamethasone-glycerol group, the P p .003 OR was 0.55 (95% CI, 0.32-0.93;
). Including the P p .027 timing of antimicrobial administration in the analysis or excluding the patients for whom an etiological agent was not identified did not change the observation that the glycerol-only group had the best outcomes, followed by the dexamethasoneglycerol group; the group that received dexamethasone alone had the worst outcomes.
Hib versus non-Hib meningitis. Effects of the adjuvant therapies on Hib versus non-Hib meningitis are presented in table 5. All statistically significant differences were found in the glycerol-only group. The incidence of severe neurological sequelae was reduced in patients with Hib meningitis, regardless of whether all cases were examined (OR, 0. ). P p .094 When the data were analyzed taking into consideration only whether glycerol or dexamethasone was or was not given, the only new finding was with respect to Hib meningitis. Analyzing all 181 cases together and neglecting the timing between dexamethasone and ceftriaxone administration, treatment with dexamethasone prevented profound hearing loss (OR, 0.27 [95% CI, 0.09-0.77];
). Statistical significance was lost P p .014 if data from patients with cases of Hib meningitis who had not received pretreatment antimicrobials (123 patients) were examined separately.
Safety. Few adverse effects attributable to either adjuvant medication were observed. Visible blood in the stool was noted in 6 (5%) of 111 patients in the dexamethasone group and in 5 (5%) of 101 patients in the dexamethasone-glycerol group but in only 1 (1%) of 113 patients in the glycerol-only group and 2 (2%) of 99 patients in the placebo group (table 2). The difference between the dexamethasone recipients and those who did not receive dexamethasone was statistically significant ( ). Vomiting or diarrhea were not more common in P p .032 the glycerol group, and massive gastrointestinal hemorrhage or other severe adverse events were not found in any child.
DISCUSSION
This prospective, double-blind, randomized trial from 6 Latin American countries that involved 654 patients is, to our knowledge, the largest clinical study of childhood bacterial meningitis to date. Oral glycerol improved outcomes especially by reducing severe neurological sequelae. The study was performed in conditions similar to those in which the great majority of children with meningitis worldwide are treated [3, 4, [27] [28] [29] . Many of the children in our study presented late in the course of disease, many were anemic, and many had previously been given oral Table 4 . Risk of death, severe neurological sequelae, the composite end point of death or severe neurological sequelae, and profound hearing loss in the 3 adjuvant therapy groups, compared with the placebo only group. antimicrobials. A few of these children may have been infected with HIV, although the prevalence of HIV infection in Latin America was low during the study period [30] . Because most children could not be expected to return for a control visit, we were forced to use the outcome data that were available at hospital discharge. Some subtle sequelae may, therefore, have remained undetected, but this shortcoming probably did not distort the results, because most of the sequelae described in our study were very unlikely to resolve with time. Children with these sequelae probably died or remained permanently disabled. Other limitations of the study were the inclusion of patients who had received pretreatment antimicrobial drugs (which are administered indiscriminately in Latin America) and patients with etiologically unidentified cases; however, the study design distributed such patients evenly to each arm. Because the details of antimicrobial administration were recorded meticulously, we could also examine children who did not receive a single dose of any antimicrobial before hospitalization.
The comprehensiveness of the series allowed us to analyze the adjuvant effects separately for each outcome. Except for 2 earlier studies that were sufficiently powered-one from Africa, involving children [11] , and the other from Europe, involving adults who received dexamethasone for 4 days [31]-this has not been possible before. By keeping the outcomes separated, potential benefits between adjuvants could be examined specifically. Glycerol not only reduced severe neurological sequelae but was also beneficial when severe neurological sequelae and mortality were examined together [4, 5] . Nevertheless, prevention of severe neurological sequelae alone was a major achievement; many clinicians classify survival with severe sequelae and death as poor outcomes of equal importance [4] . Reducing the impact of meningitis on the family and on society clearly requires more than merely increasing the survival rate [32] . How does glycerol work? One-third of the children with bacterial meningitis experience significantly impaired cerebral blood flow [33, 34] and intracranial edema. Oral glycerol increases plasma osmolality, which, among other effects, lowers intraocular pressure within 30 min [17] . Oral glycerol also increases plasma osmolality in children with bacterial meningitis (S. Singhi, personal communication), as it does in adult healthy volunteers [35] . This change in osmolality reduces edema and enhances cerebral circulation by reducing the excretion of CSF [36] . As water moves by osmosis back into the plasma, extravascularization of water and subsequent occult hypovolemia are reduced. Decrease of the intracranial pressure by glycerolinduced osmotic diuresis seems to be less important [37] , because a gradient between the body compartments requires an intact or almost intact blood-brain barrier, and this is not the case in patients with bacterial meningitis. Glycerol is also a scavenger of free oxygen radicals, and this action may further alleviate meningeal inflammation. Our glycerol dosage (6 g per kg of body weight per day divided into 4 doses) was not evidence-based but was derived from dosages recommended earlier [38] in neurology and neurosurgery. Our practice of keeping to a single maximum dose of 25 mL was based on our previous experience [19] , which showed that some children vomited if they received a larger total dose. In our study, vomiting was not more common among glycerol recipients. No data suggest the substitution of another osmotic diuretic, such as mannitol, for glycerol; in fact, intravenous mannitol may be harmful in patients with bacterial meningitis [39] .
Further studies on adjuvant glycerol to treat bacterial meningitis are clearly warranted. Interestingly, although the Malawi trial [11] found no advantage associated with dexamethasone treatment, some of our patients benefited. This was best shown among patients with Hib meningitis when the dexamethasone recipients were compared with the non-recipients and the timing of antimicrobial administration was not taken into account.
Unfortunately, we cannot easily identify patients who likely would benefit from adjuvant dexamethasone. Evidently, they are not simply those patients with nonpretreated Hib meningitis for whom cephalosporin therapy was initiated after giving dexamethasone.
In conclusion, oral glycerol reduced the incidence of severe neurological sequelae associated with childhood bacterial meningitis. Five properties of glycerol make its widespread use possible and desirable: it can be taken orally, is inexpensive, is easily available, has no special storage requirements, and is safe [18, 19, 37, 40] . Glycerol is a common ingredient of ingested (e.g., chewing gum) and topical (e.g., shampoo) substances. Some patients have received intravenous glycerol for 1 week [14] ; we gave 8 oral doses over a 48-h period.
Glycerol is a novel tool for the treatment of bacterial meningitis, which is a life-threatening disease that ∼5000 children per day contract worldwide. Oral glycerol is also an agent that is cheap enough and simple enough for treatment of the poorest patients. Since the advent of chloramphenicol and ampicillin ∼40 years ago, no other medication has improved the prognosis of childhood meningitis, especially Hib meningitis, as much as glycerol.
